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Introduction
Polycyclic aromatic hydrocarbons (PAH) are found in domestic, industrial wastewater and urban storm water [1, 2, 3] .They originate from incomplete combustion of fossil 4 fuels and are characterized for presenting two or more benzene fused rings. PAH are persistant pollutants and have carcinogenicity and mutagenicity properties [2] . Since these compounds are classified as priority pollutants by the majority of the environmental protection agencies of the world, the discharge of water that contains them into receptor water bodies is regulated. Therefore, maximum concentration limits of PAH in wastewater must be observed. To comply with regulations, economic and efficient wastewater treatment methods have to be developed as it is reflected in the extense literature that has been published in recent years about the subject [4, 5, 6, 7] . The use of bacteria immobilized in biofilm for PAH removal from a liquid phase could be a promising technology. It is well known that biofilms exhibit advantages over planktonic cells regarding its resilience against a harmful environment as could be a wastewater [8] . Besides, since the biofilm is attached to a surface, it could be easily removed from the liquid without using costly separation techniques. In addition, the biofilm support surface could contribute to the removal of contaminants if it possesses sorbent capacity.
The addition of stressing factors during the cell immobilization process can stimulate biofilm formation increasing cell density and subsequent contaminant removal [9, 10] .
Annonaceuos acetogenins (ACG) are natural stressors isolated from plants of the Annonaceae family [11, 12] . They have cytotoxic activity and have been studied as antitumoral, antiparasitic and pesticidal compounds [13, 14] . They have also been proposed as biofilm formation stimulants for a Pseudomonas plecoglossicida strain [11, 15, 16] . The aim of this work is to use ACG to produce high density biofilms of Pseudomonas monteilii P26 to be used in the removal of acenaphthene, fluoranthene and pyrene from water. These pollutants are, respectively, the numbers 001, 039 and 084 in the US EPA priority pollutant list [17] . This means that these pollutants are regulated by this agency and therefore their disposal limited.
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The ACG itrabin, jetein, laherradurin and squamocin, as well as an ethanolic crude extract of Annona cherimola seeds, were tested for biofilm stimulation. Itrabin and jetein are two saturated γ-lactone which present 35 carbon atoms with two or one tetrahydrofuran (THF) rings respectively [18] . Laherraduin and squamocin are, respectively, saturated and unsaturated γ-lactone with 37 carbon atoms and two THF rings [16] (fig. 1 ). Polyurethane foam (PUF) was used as support for biofilm formation because of its low cost and known sorbent capacity of hydrophobic compounds [19] .
Corn steep liquor was used as culture medium since it is a low cost industrial waste.
Materials and methods

Microorganisms and culture conditions
The strain Pseudomonas monteilii P26 (Genbank Acc. Num. HE798531) was isolated from sediments contaminated with petroleum oil originated from Patagonian coast, in Caleta Cordova, Chubut, Argentina [20] . Pure cultures were routinely maintained in JPP broth (% m/v: NaCl, 2; yeast extract, 0.1; meat peptone, 0.2; pH = 7.0) [21] the comparison with previously reported data (for itrabin, laherradurin and jetein see [18] and [22] for squamocin).
An ethanolic extract of Annona cherimola pulp (1000 g) was also prepared by maceration in ethanol.
Biofilm formation screening
The effects of ACG and Annona cherimola pulp ethanolic extract on P. monteilii P26 biofilm formation on polystyrene microplates were evaluated by crystal violet staining and subsequent absorbance measurements at 560 nm [23] . 
Biofilm quantification
After the 5 d-incubation, biofilm formation quantification on PUF was carried out according to Quek et al. [24] . Briefly, pieces of PUF from the different immobilization processes were taken, their mass determined, washed twice with 5 ml saline solution (0.9% w/v) to remove the planktonic cells and cut in smaller pieces. The pieces were suspended in 5 ml saline and vortexed for 10 min to detach the immobilized cells. The 8 CFU/ml of this suspension was determined and the CFU/g support of P. monteilii P26 calculated.
PAH removal
Glass flasks (100 ml) with polypropylene caps containing 5 PUF pieces (sterile or with immobilized cells from each immobilization procedure) and 5 ml of medium JPP supplemented with 50 ppm acenaphthene, fluoranthene and pyrene (Sigma Aldrich, 98%) were incubated in the dark at 30 °C and 180 rpm for 7 days. PAH were added as an acetonic solution. Acetone was allowed to evaporate before adding the immobilized cells. After incubation, the PUF was removed and 10 ml acetone was added to the liquid to ensure the complete solubilization of the remaining PAH. A sample of the solution was withdrawn, centrifuged at 6300 g and 25 ºC for 10 min and the supernatant was filtered with a 0.2 µm nylon filter. The filtrate was kept at -20 °C until analysis. To determine the PAH concentration sorbed on the support, the PUF pieces were cut in smaller parts and suspended in 5 ml acetone. The suspension was vortexed for 10 min, and then centrifuged and the supernatant filtered and conserved as described above.
Overall PAH removal and PAH bioremoval were calculated as follows:
Overall PAH removal (%) = 100 x (Ci-Cf)/Ci All experiments were done at least in triplicate and repeated once.
A schematic representation of the entire methodology was supplied as supplementary material ( fig. S1 ).
Results
Biofilm formation screening
Biofilm formation stimulation by ACG was evaluated in microplate assays and quantified by crystal violet staining. 
Biofilm on PUF quantification
The biofilm formation on PUF was quantified after the immobilization process by determining the CFU/g support of the immobilized bacteria. Table 2 shows the CFU/g for the different immobilization processes. It was observed that the addition of itrabin and the ethanolic extract produced the highest stimulation. The CFU/g support increased 100-fold in presence of these ACG compared with the biofilm formed in absence of ACG.
PAH removal
Either PUF with bacteria immobilized on it or sterile were incubated in JPP medium in presence of 50 ppm of acenaphthene, fluoranthene and pyrene for 7 days. After the incubation period, the PUF was removed and the PAH remaining in the liquid and 
Discussion
The biofilm screening experiment on polystyrene microplates allowed selecting the acetogenins itrabin and jetein and the Annona cherimola extract for biofilm formation on PUF, for presenting the highest stimulation percentages at the lowest concentration.
These ACG also showed strong biofilm stimulation on PUF. To the best of our knowledge, this is the first report in which biofilm formation stimulation by ACG was determined on PUF.
In this study, biofilm formation was stimulated by chemical stress. Parellada et al. [11] suggested that ACG exert stress on the bacterial membrane and a specific interaction between ACG and artificial lipid bilayers was identified by Bombasaro et al. [25] and Di Toto Blessing et al. [26] . Mangwani et al. [27] reported enhanced biofilm growth of Pseudomonas mendocina NR802 using calcium which increased exopolymeric substances (EPS) production. In that study, Ca 2+ -stimulated biofilm on glass showed a phenanthrene removal of 83% in 7 days while the unstimulated biofilm removed 75% in the same time. Mangwani et al. [28] also stimulated biofilm formation of two marine
Pseudomonas adding synthetic N-acylhomoserin lactones during the immobilization procedure. In that case, up to 11.6% and 16.5% phenanthrene and pyrene removal improvement was obtained, respectively, over the unstimulated biofilms. In this study, however, no enhanced PAH removal was observed despite the enhanced biofilm formation produced in presence of itrabin or the ethanolic extract of Annona cherimola.
It is well known that PAH produce hydrophobic damage and, in response, the bacterial cells protect themselves by producing EPS thus forming biofilm [29] . It seems that during the 7 day incubation in the PAH removal assay, the originally non stimulated biofilms reached a similar bacterial number as the previously ACG-stimulated biofilms due to the stress exerted by PAH (increased biofilm thickness was clearly visible after the assay). This would explain the similar values of PAH bioremoval obtained for the different biofilm-PUF systems after 7 days. Probably, the PAH removal rate of stimulated biofilms was higher than unstimulated biofilms due to higher cell number.
However, at 7 days the removal values of both systems were already equal.
The sorbed PAH on sterile PUF was 80% while the sorbed PAH in biofilm-PUF systems was 60%. This 20% difference between the abiotic control and the biofilms is the percentage that could be attributed to biodegradation or even bioaccumulation phenomena [30] . Interestingly, according to Isaac et al. [31] , Pseudomonas monteilii P26 had not been able to remove pyrene at all when using planktonic cells after 21 days 13 of incubation. The results obtained in this work shows the advantages of using biofilms over free cells for PAH removal as it was already reported by Zhang et al. [29] .
PAH sorption phenomena, either on PUF or in EPS, were responsible for the major removal observed. This could be due to the fact that the PAH concentration used was below the sorption capacity of PUF or the biofilm-PUF system. It would be expected that increasing the concentration would saturate the PUF and biodegradation or bioaccumulation would become the major removal processes. Lin et al. [32] illustrated this point when using immobilized cells of Acinetobacter venetianus on bagasse for the removal of tetradecane. In that work, there was no difference between the amount of tetradecane removed by bagasse or the immobilized cells at 50 ppm. At 500 ppm, however, the immobilized cells removed significantly more tetradecane than the sterile bagasse. In this work, it was observed that, while PAH removal was similar for the sterile PUF and the biofilm-PUF systems, the amount of sorbed PAH in the latter was less compared to the cell free PUF, probably due to degradation or accumulation of sorbed PAH as explained above. This would allow a major number of reuses of the biofilm-PUF systems than the PUF alone because saturation would not occur as quickly as in the sterile PUF system.
Conclusion
Several annonaceous acetogenins (ACG) were purified, identified and tested for its 
